This study examined the calcium transport properties of two subcellular fractions of bovine aorta obtained by differential centrifugation. The vesicular fraction had a high-affinity (K m = 1.05 x 10~6M) calcium transport mechanism which could be potentiated by using the calcium-precipitating anion, oxalate. The mitochondriaenriched fraction's calcium transport system had a lower affinity for calcium than did that of the vesicular fraction. The calcium capacity of the vesicular fraction was determined by comparing the steady-state calcium uptake in the presence of oxalate in the whole homogenate with the same uptake by the vesicular fraction alone. A calcium capacity of about 100 /imoles Ca 2+ /kg aorta was obtained. It is concluded that the vesicular fraction has all of the properties of a major site of subcellular calcium regulation in vascular smooth muscle.
• It is generally accepted that intracellular free calcium is the connection between stimulation and contraction in vascular smooth muscle (1, 2). However, the identification of the sources and sinks of the activator calcium remains an unsettled question. Numerous indirect experiments have shown that at least part of the activator calcium is intracellular in origin (1-4). Recent electron microscopic studies indicate that there are at least two different subcellular organelles potentially capable of serving as intracellular sinks for calcium: one is the mitochondria and the other is the sarcoplasmic reticulum (5-7). Both of these structures are capable of sequestering the divalent ion strontium in contracting muscle, and the mitochondria can also sequester barium. To determine if these or any other subcellular structures are capable of playing major roles in the regulation of the intracellular calcium concentration of vascular smooth muscle, numerous questions must be answered. Are these structures capable of accumulating calcium at the very low cytoplasmic level (10~5M) sufficient for maximal activation of the contractile process (8) ? If they are capable of sequestering calcium at this low level, what is the relative competitive position of each structure? Can these structures, alone or in 580 concert, remove sufficient calcium from the cytoplasm to lower the free calcium concentration enough to allow the contractile apparatus to relax? Conversely, is the calcium accumulated by these structures sufficient to fully activate the contractile apparatus if it is subsequently released back into the cytoplasm, i.e., are these structures also capable of serving as a calcium source?
Perhaps the most direct method of obtaining the answers to such quantitative questions is to study the dynamics of calcium transport in subcellular fragments of muscle prepared by differential centrifugation. Such an approach has often been used in striated muscle (9, 10) despite the lack of a universally accepted marker for the sarcoplasmic reticulum (11, 12) . In this spirit, several workers have reported the preparation of subcellular fragments capable of actively sequestering calcium from the rabbit aorta (13, 14) and the canine aorta (15) . We have also reported the preparation and characterization of two such fractions, one enriched in mitochondria and one enriched in vesicular material, from the bovine aorta (16) . In the experiments reported in this study, we examined some of the questions about the calcium capacity and the calcium uptake kinetics of these aortic fractions.
Methods
A vesicular fraction capable of actively accumulating calcium was prepared from the medial muscularis of the bovine aorta using a previously described method (16) . The muscularis was stripped free of adventitia and intima, finely diced with scissors, and homogenized for 1 minute with a Sorval Omnimixer in an extraction solution of 0.3M sucrose and 10 mti imidazole (pH 7.0). Cell debris and nuclei were pelleted and removed by centrifugation at 1,500 g for 15 minutes. The supernatant fluid was then centrifuged at 15,000 g maximum for 30
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minutes. The resultant pellet was designated the mitochondria-enriched fraction. The resultant supernatant fluid was centrifuged at 45,000 g maximum for 60 minutes. The resultant pellet was washed once in a solution of 80 mM KCl and 10 mM imidazole (pH 7.0) and designated the vesicular fraction. Whole homogenate was prepared by filtering the initial homogenate through a double layer of cheesecloth. The protein concentration of each fraction was determined by the method of Lowry etal. (17) .
Calcium uptake rates (the active accumulation of calcium in the presence of a calcium-precipitating organic anion such as oxalate), steady-state filling levels, and calcium binding (active accumulation in the absence of oxalate) were measured by using 45 Ca. Reactions were started by adding the appropriate amount of protein under study and stopped at regular intervals by filtration through a 0.45JJ Millipore filter. Calcium uptake or binding was determined by monitoring the calcium loss from the filtrate using liquid scintillation spectroscopy. All studies were done at 37°C. Incubation mixtures were stirred constantly with magnetic stirring bars. Incubation solutions for the various experiments are given in the legends to the figures.
In the kinetic and capacity experiments, the calciumchelating agent EGTA (ethyleneglycol bis [/8-aminoethylether]-N, N'-tetraacetic acid) was used to determine the free calcium concentration in the incubation mixture. The free calcium concentration at any interval in the various experiments was calculated using the values of total EGTA and calcium added and an apparent stability constant for the Ca-EGTA complex of 1.1 x IO'M" 1 at pH 7.0 (18).
Results
Our previous work has shown that, when sufficient calcium is added to ensure that there is 0.045 mM calcium in the incubation mixture, the mitochondria-enriched fraction can take up more calcium at a faster rate than can the vesicular fraction (6) . The physiological importance of this finding is subject to some reservations. It is possible that the calcium contamination present in the various fractions is markedly different and thus distorts any comparison of calculated calcium uptake rates based on the initial calcium added to the bath. To test this hypothesis, we measured the calcium contamination present in perchloric acid digests of the various fractions using atomic absorption spectroscopy. We also tested all reagents and found that they were virtually free of contaminant calcium (less than 1 nM Ca 2+ /ml reagent). The levels of contaminant calcium found in the various fractions are presented in fraction (0.35 mg/ml usual protein concentration). It is unlikely that all of this contaminant calcium would be released into the incubation mixture. Even if it were, the higher contaminant calcium level in the mitochondria-enriched fraction would lead to a greater underestimate of the mitochondrial uptake rates relative to the vesicular uptake rates. Thus, contaminant calcium does not alter our original observation that the mitochondrial uptake at 0.045 mM added calcium is faster and greater than the vesicular uptake.
One of the most serious objections to the contention that the mitochondria may play a significant role in cytoplasmic calcium regulation in vascular smooth muscle is the very high levels of calcium used to measure mitochondrial uptake. Since 10"
M Ca
2+ is sufficient to fully activate the contractile apparatus of vascular smooth muscle (8) , it would seem expedient to determine the relative affinities of the mitochondrial and vesicular fractions for calcium uptake at low levels of free calcium. To do this, one must determine the initial uptake velocities over an initial linear region of uptake. Without the use of oxalate, the initial calcium binding by the vesicular fraction was too low to resolve the linear region using tracer calcium. Numerous investigators studying the active calcium uptake by fragmented sarcoplasmic reticulum from striated muscle have used a calciumprecipitating anion such as phosphate or oxalate to potentiate the active calcium accumulation by these preparations. This procedure spreads the initial linear uptake over a long enough period of time to use 45 Ca to resolve this linear region (19, 20) . To verify this effect of oxalate in the vesicular fraction, the oxalate concentration in the incubation mixture was varied, and the effect on calcium uptake was observed. As shown in Figure 1 , there was a definite potentiation of the active calcium •J ô y 15 accumulation by the vesicular fraction at oxalate concentrations of 5 mM or greater. The initial linear phase at high oxalate concentrations is presumed to be a direct measure of the influx of calcium with the efflux of calcium being prevented by calcium oxalate precipitation with the vesicle (20) . The slope of this linear uptake region with 10 mM oxalate was used in subsequent experiments as a measure of the calcium uptake mechanism of the vesicular fraction.
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Having established the use of oxalate to linearize the initial uptake by the vesicular fraction, we next varied the initial free calcium concentration in the incubation mixture by setting the amount of calcium-chelating agent, EGTA, in the bath at a constant value and varying the amounts of calcium added to achieve the desired free calcium concentration. The results of a typical experiment are shown in Figure 2A . Notice that the linearity of the calcium uptake in the presence of 10 mM oxalate remained, even at an initial free calcium concentration of 9.8 x 10" 8 M. The slope of this linear region was obtained from least-squares regression analysis. This slope was designated as V, the initial uptake velocity at each initial free calcium concentration. The free calcium concentration at each point was determined using the calcium concentration in the bath (added calcium minus the calcium taken up by the vesicles), the EGTA concentration in the bath, and the Ca-EGTA equilibrium equation. From these values, the average free calcium concentration was then determined over the time course during which the velocity was determined. This average free calcium value was taken as the substrate concentration (S) for that velocity. These parameters were then fitted to Michaelis-Menton kinetics using a Woolf plot (21) as shown in Figure  2B . Regression coefficients of 0.90 or greater were obtained for each of seven experiments. The average K m was 1.05 ± 0.23 x 10~6M which is quite similar to K m values obtained by similar studies on fragmented sarcoplasmic reticulum from striated muscles (22) (23) (24) . We attempted to make similar determinations for the mitochondria-enriched fraction. Without an agent such as oxalate to mask the efflux (16), we were unable to obtain a consistent initial linear uptake region. Hence, we were also unable to obtain a consistently linear plot of the kinetic data using either a Lineweaver-Burke or an Eadie plot. There are numerous possible explanations for this lack of linearity: the mitochondria may have more than one uptake mechanism (25) or exhibit cooperativity (26) or the fraction may have too much vesicular contamination (16) . However, our data, as shown in Figure 3 , do show that at free calcium levels of 10" 6 M, the mitochondria-enriched fraction's relative ability to compete for cytoplasmic free calcium is reduced.
Since the results suggest that at low free calcium levels the vesicular fraction may be a competitive sink for cytoplasmic free calcium in vascular smooth muscle, the question arises as to whether there is enough of this vesicular material in the intact smooth muscle to sequester sufficient calcium to significantly lower the cytoplasmic free calcium concentration. Recently, Solaro and Briggs (12) have proposed a general method for determining the functional calcium capacity of any subcellular fraction of a muscle, assuming that there is V/S X 10* [g"'min"']
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Details of the calculations are given in the text. The average K m and V max for seven such determinations is given.
some method for identifying that fraction in the whole muscle homogenate. Their method is based on the following relationship:
[nmoles Ca 2+ bound/mg material x (P) ] x [mg of material x (P)/g muscle] = nmoles Ca 2+ bound/g muscle,
where (P) represents the purity of the material and is unknown. The ratio of material to homogenate can be determined if a characteristic marker of the material can be found which can be measured in the homogenate of the whole muscle. We have found that the calcium capacity of the vesicular fraction in the presence of oxalate fulfills the requirements for a characteristic marker providing certain restrictions are met. The influence of mitochondria on calcium uptake was minimized by adding 10 mM sodium azide to the incubation mixture. EGTA was used to set the initial free calcium concentration at 9 x 10" 7 M in the presence of enough total calcium (0.1 mM) so that lack of calcium was not the limiting factor for the calcium uptake. Figure 4 shows the time course of uptake of calcium in the vesicular fraction. Notice that the calcium capacity, i.e., the amount of calcium taken up to achieve saturation or steady-state levels, is a function of the protein concentration. Figure 5 shows that this dependence on protein concentration was not exhibited by the homogenate over the range of homogenate concentrations used. These results imply that the calcium capacity of the vesicular fraction is a function of the concentration of material and therefore that one cannot arbitrarily choose the calcium capacity of the vesicular material at a particular protein concentration to determine the vesicular-homogenate ratio. This result is similar to that found by Solaro and Briggs (12) for the fragmented sarcoplasmic reticulum of cardiac muscle. This dependence of the calcium capacity on protein concentration suggests that the amount of vesicular material present in the bath is not the limiting factor. The kinetic studies suggest that the limiting factor could be the level of extravesicular free calcium. If this is indeed the case, then the same amount of vesicular material, whether present in the whole homogenate or in the vesicular fraction, should be able to achieve the same steady-state level of extravesicular free calcium. This conclusion is borne out in Figure 6 . Note that the plots overlay in the region of 6.5 x 10" four experiments in which the capacity ratio was determined by using only those protein concentrations which achieved nearly the same level of extravesicular free calcium. This procedure yielded an average ratio of 4.96 mg vesicular material/g whole muscle. Using this value, the steady-state level of calcium bound in the absence of oxalate from Figure 1, 
where 19.9 nmoles Ca 2+ bound/mg vesicular protein is the maximal calcium uptake at 8 minutes with 0 mM oxalate (see Fig. 1 ).
Discussion
We feel that the results presented in the present paper establish the existence of a nonmitochondrial structure in vascular smooth muscle which possesses the ability to actively accumulate calcium, even at very low free calcium levels. We have also shown that this material has a calcium capacity of approximately 100 nmoles Ca 2+ /g wet weight aortic muscularis. The method used to achieve this result is subject to the reservation that the calcium-sensitive element of the contractile apparatus does not markedly influence the calcium capacity of the whole homogenate. In striated muscle, the calcium-sensitive element is troponin which has been shown to have a K m of 1-2 x lO 6 !^" 1 for calcium (27) . We chose to do our capacity determinations at initial free calcium levels well below this value, partly to minimize any interference by the calcium-sensitive element. However, it is premature to assume that troponin is the calcium- sensitive element in vascular smooth muscle, since its presence in the calcium-sensitive actomyosin from smooth muscle has not been demonstrated (28) . It is also premature to assume that the K m values for the calcium-sensitive elements of the Steady-state extravesicular free calcium at various concentrations of vesicular material and whole homogenate. The ordinate is the extravesicular calcium concentration determined by subtracting the calcium uptake from the initial added calcium concentration and then using the Ca-EGTA equilibrium as described in the text to calculate the free calcium level. Circulation Research, Vol. 37, November 1975 contractile apparatus of vascular smooth muscle are similar to that of troponin from striated muscle. One might also suggest that the energy supply is the limiting factor in the accumulation of calcium by the vesicular fraction, but the use of an ATPregenerating system minimizes this concern.
Having noted the reservations concerning the accuracy of the vesicular calcium capacity, we still feel it is valid to use this value to assess the potential role of the vesicular material in the excitation-contraction coupling of vascular smooth muscle. One could do a simple calculation to assess whether this calcium capacity is adequate to lower the cytoplasmic free calcium below 10" 7 M which prevents actomyosin adenosinetriphosphatase (ATPase) activity and tension development (8) Choosing 45 /uM as the calcium concentration at activation and 0.7 ml/g as the tissue water content (29, 30) in this relationship, the calculation shows that the vesicular material has a more than adequate capacity to lower the cytoplasmic calcium concentration to zero. This calculation is a gross oversimplification of the true picture, since it ignores the lessening of the vesicular calcium uptake as a result of the decreasing cytoplasmic free calcium level and any buffering influence of other calcium binding sites such as the mitochondria or the calcium-sensitive element of the contractile apparatus. Another speculative comparison would be to contrast the vesicular material's calcium capacity to the amount of calcium needed to activate the contractile apparatus. Unfortunately, this latter value is not known for vascular smooth muscle. Sparrow conclude from our results that the vesicular material in vascular smooth muscle appears to have the capability to be both a sink and a source for the activator calcium in excitation-contraction coupling in this muscle. These results leave many questions unanswered, not the least of which is the precise nature of this vesicular fraction. The characteristic enzymes associated with the vesicular fraction show a good amount of heterogeneity (16) . It is tempting to compare this fraction with the early fragmented sarcoplasmic reticulum obtained from cardiac muscle (33) (34) , since the vesicular fraction does have a high enrichment of Ca-ATPase and is sensitive to oxalate to enhance its calcium uptake. Also our value of ~5 mg vesicular material/g muscle is in surprisingly close agreement with the estimates of sarcoplasmic reticular volume in vascular smooth muscle (6) . However, Ca-ATPase has been shown in striated muscle to be present in the sarcolemma (35) . This fact plus the observed enrichment in Na + ,K + -ATPase and 5'-nucleotidease suggest that the vesicular fraction may be sarcolemmal vesicles. Presently there is no unique marker known which can prove the presence of sarcoplasmic reticulum in the face of sarcolemmal contamination, so the nature of this vesicular material remains in doubt. Indeed, the vesicles could be the surface vesicles associated with vascular smooth muscle (2, 6). The results of this study, i.e., the excellent fit to Michaelis-Menton kinetics, suggest that whatever the nature of the vesicles the calcium transport properties are due mainly to one such structure. Even if our vesicular fraction does turn out to be largely sarcolemmal vesicles, the value for the K m of the transport system will still be a valid tool in modeling the dynamics of intracellular calcium.
